recharge, spatial management, groundwater intake, drainage through melioration network, and occurrence of plant ecosystems. The role and significance of particular factors depends on the location of particular GDEs (Boulton 2005; Boulton and Hancock 2006; Murray et al. 2006; Muneepeerakul et al. 2008; Orellana et al. 2012; Grant et al. 2012; Münch and Conrad 2007; Grimaldi et al. 2015) , but their influence is, among others, recorded in the fluctuations of groundwater levels. In the case of the investigated GDEs, the main factor influencing groundwater level fluctuations is the relationship: rainfall -infiltration recharge -ecosystem type -drainage through streams. Anthropogenic factors, such as groundwater intake through captures and drainage through the melioration network, are of marginal significance.
Analysis of monitoring data allows for assessing the dynamics of groundwater level fluctuations, magnitude of recharge, identification of intervals of potential groundwater retention, and seasonal deficiencies resulting from mutually interacting phenomena such as water intake by plants and underground evaporation (Text- fig. 1 ). Application of statistical methods and geostatistical modelling has allowed the identification of groundwater levels in multiannual and annual intervals, and for vegetation periods, in which the water table may on the one hand influence correct functioning of plant ecosystems, and on the other hand -decrease due to water intake from the root zone and decrease of effective recharge caused by evaporation from plants.
STUDY AREA
The marsh areas presented in the paper, situated in the Vistula valley, a large river of the North European Plain, are the most common type in Europe, classified as a groundwater-related ecosystem associated with groundwater flow regime (Foster et al. 2006) .
The investigated GDE area (wetlands) in the Vistula valley cover 242.3 km 2 (Text- fig. 2 ) and it is located in the Kampinos National Park (KNP). The GDE area is created by two marsh hydrozones: northern (155.6 km 2 ) and southern (86.6 km 2 ), separated by dune hydrozones. Text- fig. 1 . Possibilities of using groundwater monitoring data for statistical and geostatistical analyses to define groundwater regime changes
The term hydrozone refers to the area characterized by similar hydrodynamic and environmental conditions (Krogulec 2004) .
The hydrogeological conditions of KNP are summarized in several publications (e.g., Krogulec 2003 Krogulec , 2004 Krogulec and Zabłocki 2015) . Quaternary sediments occur over the entire area of the park and lagging, constituting a collector of groundwater, with a shallow unconfined groundwater table. The total thickness of the aquifer is up to 50 m with a dichotomy connected with its lithological shape. The top part of the aquifer has a sandy and sandy-gravel character, the bottom is occupied by sandy-silt sediments. The surface of the aquitard created by glacial tills and more often Pliocene loams, constituting the floor of the Quaternary aquifer (Baraniecka and Konecka-Betley 1987; Sarnacka 1992; Krogulec 2004) . The unsaturated zone is built of medium and fine-grained sands with the local occurrence of organic sediments such as muds and peats. The general flow direction in the aquifer is north and west to the main discharge base, which is the Vistula and Bzura rivers, but the groundwater circulation in the GDE areas can be considered as a local system (Text- fig. 3 ).
WATER REQUIREMENTS OF PLANT ECO-SYSTEMS
The functioning of plant ecosystems in GDEs is shaped by the mutual relationships between the depth of the root system of various types of plants, the depth of the water table, humidity and soil type. Water demands of plants depend on their species and their growth phase.
They increase during the vegetation periods with increase of plant biomass and transpiration.
The area of the Kampinos National Park is characterized by the presence of a very diverse plant system occurring as a mosaic of communities and plant environments covering dune hydrozones and marsh hydrozones. The plant community is dominated by forests (about 73% of the park area), which are coniferous within the dune hydrozones, and deciduous and mixed within the marsh hydrozones. The remaining plant communities cover small, patchily dispersed areas. In the studied area of the GDEs, a total of 118 plant communities were observed, including: bulrushes, sedge bogs, fens, transitional fens, bogs, humid and fresh meadows, pastures, heaths, sand grass pitches and xerthermic grasslands, and a large group of weeds (Kucharski 2011) . The complex, patchy distribution of particular plant communities results in the occurrence of non-uniform and complex ecosystems. Assessment of the water demands of plants in GDEs requires generalization of the occurrence of plant communities. Table 1 presents characteristic statistical values for the depth of the root system of various plant groups based on botanical reports (Foxx et al. 1984; Schenk and Jackson 2002) and relates them to the water table conditions in the KNP area, based on a generalized phytoindicative assessment of the water regime for actual vegetation (Solon 1994 ) that assumes indispensable generalization and simplification resulting from the variability of plant communities. The shallowest depth, at which the root system occurs, was observed for annual grasses -averagely 0.52 m, with minimal depths at only 0.05 m.
1) (Foxx et al. 1984) ;
2) (Schenk and Jackson 2002) ;  3) (Solon 1994) fig. 2 ). Analysis of groundwater levels was made for the entire interval of 1999-2013 (Krogulec and Zabłocki 2015) and for the vegetation periods, for which the definition of low levels and their duration was the most significant, because water deficiencies threatening the correct functioning of plant communities characteristic of GDE areas may occur within them. The database includes 7,800 observations for 1999-2013 and 3,980 observations for the vegetation periods.
The vegetation period is defined as a part of the year, in which the average 24h air temperature exceeds +5°C (Szajda 1997) ; according to other reports, the boundary temperature of the vegetation period is assumed as +10°C (Puchalski and Prusinkiewicz 1990; Andrzejewska 2007) . In the KNP, the vegetation period with average 24h temperatures exceeding +5°C has an average duration of 185 days. The longest vegetation period was in 2000 and lasted for 214 days, whereas the shortest -in 1996 and lasted for 164 days. For 1999-2013, the vegetation period lasted averagely for 185 days, that is from 16th April till 16th October. In the vegetation period, the average annual depth of the water table for 1999-2013 exceeds the annual average depth by 0.07 m in the northern marsh hydrozone and by 0.09 m in the southern marsh hydrozone (Table 2 ). In particular years, these differences reached maximally 0.13 m and 0.42 m, respectively. In order to indicate periods of low water levels, two levels characteristic for 1999-2013 were determined: a low average level in the interval (SNG) and the lowest level in the interval (NNG). Levels below SNG did not occur in the vegetation period only in : 1999 : , 2007 : , 2010 : , whereas very low levels, close to NNG, occurred in: 2003 : , 2005 , with the longest in 2003 lasting from 11 to 13 weeks, and up to 7-9 weeks in 2005.
In the northern marsh hydrozone, a sporadic occurrence of intervals with average vegetation groundwater level (SR) of the vegetation period exceeding that for the entire year was noted (in 2001, 2006, 2009-2010, 2013 Geostatistical modeling using site monitoring data with the application of simple Kriging in ArcGIS 10.1 with a discretization step of 100 m × 100 m (Text- fig. 5 ) was applied to determine the spatial variability of groundwater depth for average annual levels (SSG) and characteristic SNG and NNG levels for 1999-2013. Parameters of the prepared geostatistical distributions were characterized by an average error at 0.006-0.01 m and average square error at 0.90-0.94 m. The reliability of the conducted geostatistical model was verified by preparing a geostatistical distribution for the annual average levels determined according to hydrodynamic modelling (SSGm) (Gruszczyński and Krogulec 2011) . The difference map between these two models (SSG vs SSGm) has indicated high reliability of the geostatistical methods. In 44% surface of the marsh hydrozones, accordance of the models was determined in the range of <|0.167| m, which corresponds to the average square error for hydrodynamic modelling.
SSG is characterized by the water table within 0-0.5 m in 29% surface of the GDE area for the northern marsh hydrozone. Within the southern marsh hydrozone, the most commonly occurring range is the depth above the surface (<0 m), which comprises 26% of its surface (Text- fig. 5 ). For SNG, both marsh hydrozones are characterized by depth intervals at 0.5-1.0 m -27% of the surface in the northern hydrozone and 16% of the surface in the southern hydrozone. The difference between the SNG and SSG levels was less than 0.4 m on 46% of the surface and occurred mainly in the central part of the northern marsh hydrozone. Larger differences occurred in the southern marsh hydrozone, where the difference was between 0.40 and 0.50 m on 39% of the surface (Text- fig. 6 ).
For NNG levels, the largest areas are related to the presence of the water table at 1.0-1.5 m -30% in the northern hydrozone, whereas in the southern hydrozone the range within 0.5-1.0 m prevails (17% of the surface). Differences between NNG and SSG levels reached from 0.36 m in the western part of both hydrozones to 1.24 m in the southern hydrozone. The most common intervals were: 0.50-0.60 m in the northern hy- fig. 6 ). Thus, analysis of the spatial distribution of particular characteristic levels indicates significant fluctuations of the water table in the vegetation period, characterized by the common occurrence of low levels. SNGs are usually slightly lower than SR and SSG, which points to the possibility of numerous decreases in groundwater retention.
RETENTION
For an aquifer with a shallow water table, the basis for calculating the conditions of groundwater retention is the groundwater level in an observation site, determined as the depth to the water table in a piezometer related to the assumed reference level (basic condition) (Rasmussen and Andreasen 1959; Gerhard 1986; Hall and Risser 1993; Healy and Cook 2002; Pleczyński and Przybyłek 1974; Macioszczyk and Szestakow 1983; Krogulec 2004 ). According to this assumption, the piezometers in marsh hydrozones are located beyond the range of significant influence of anthropogenic factors, they capture shallow unconfined aquifer, and the aquifer horizon is recharged by rainfall infiltration. The retention conditions in the studied GDEs were determined based on hydrograms presenting the groundwater levels in particular piezometers of the monitoring network. Detailed, seasonal analysis of the hydrograms in the vegetation period (Text- fig. 8 ) indicates registered, low retention conditions, close to the average low level (SNG). In the northern marsh hydrozone, average retention at the end of the vegetation period exceeded SNG by only 0.14 m, and in the southern marsh hydrozone it was even lower by 0.01 m from the SNG level.
In 2003, representing a year with the lowest levels in the interval (SNG), retention was lower than the SNG through half of the vegetation period (from August), which corresponds to 11-13 weeks (Text- fig. 9 ). Slightly shorter low level periods than those of the SNG were noted also in 2002, 2005 and 2008. As a rule, these periods are shorter in the northern marsh hydrozone and last 2 to 4 weeks less.
In the entire observation interval, groundwater retention at the end of the vegetation period was lower that at its beginning. Decrease of groundwater retention takes place at an average rate of 0.04 m/2 weeks, maximally at 0.26-0.28 m/2 weeks. The average rate of changes for particular years was from 0.01 m/2 weeks (2001) to 0.08 m/2 weeks (2005). Temporal increase of retention is sporadic in the vegetation period, and the highest observed changes were at 0.28-0.41 m/2 weeks.
INFILTRATION RECHARGE
Infiltration recharge was determined using two independent methods. The recharge network with a discretization step at 100×100 m is an element of water balance obtained from hydrodynamic modeling (Gruszczyński and Krogulec 2011) . The Water Table Fluctuation -WTF method was also applied; it refers directly to the observation of the water table rise in the piezometers, which assumes that in short term (2 weeks for the KNP monitoring network) this increase is caused directly by infiltration recharge (Healy and Cook 2002) .
The values of average annual infiltration recharge determined by the WTF method for 1999-2013, at a storage coefficient μ=0.0826 assumed for a shallow water table (Somorowska 2006) , was 96 mm/year for the northern marsh hydrozone and 98 mm/year for the southern marsh hydrozone (Table 3) Average recharge was determined also solely for the vegetation period. For the northern marsh hydrozone, average recharge was 32 mm/year, and for the southern marsh hydrozone -31 mm/year (Text- fig. 10 ), and reached from 9 mm/year in 2004 to 62 mm/year in 2011. In some piezometers there was no recharge in the vegetation period (2008, 2009) , and the maximal recharge reached 139 mm/year. The recharge period had a duration of 5 to 8 weeks, which is 21-33% of the length of the vegetation period, and an average for the study interval it lasted for 7 weeks, i.e. 27% of the length of the vegetation period.
During water table decrease, underground evaporation was estimated based on a hydrogram with application of the WTF method (Cuthbert 2010) .
Average underground evaporation in the vegetation period determined by the WTF method was 76 mm/year for the northern marsh hydrozone and 80 mm/year for the southern marsh hydrozone. In particular piezometers it reached from 57 to 99 mm/year, and in particular years -from 16 mm/year in 2013 to 140 mm/year in 2005.
Recharge determined by the WTF method, with a correction for underground evaporation for marsh areas, was outrun by underground evaporation in the vegeta- fig. 10 ), which are values close to the average values obtained for spatial data: -39 and -49 mm/year, respectively (Table 4) . The prevailing values are in the range of -50 to -40 mm/year, which cover about 50% of the surface of both hydrozones. Analogous results were also obtained for marsh areas using hydrodynamic modelling (Gruszczyński and Krogulec 2011) , where the prevalence of underground evaporation over infiltration recharge is visible in an annual cycle, as a result of which average infiltration was -13 mm/year in the northern hydrozone and -5 mm/year in the southern hydrozone.
DISCUSSION
Analysis of characteristic groundwater levels is the key factor allowing for determining the risk of ecosystem threat in conditions of non-availability of groundwater resources. The threat risk may be determined by comparison of groundwater depth for a specific groundwater level with the average depth of the root zone determined for a plant community. In order to define the magnitude of GDE threat risk, a spatial analysis was made, indicating areas, in which the average hydrodynamic level (SSG), average low level (SNG), and the lowest level (NNG) are lower than the average depth of the root zone (in Tab. 1 after Foxx et al. 1984) (Text-fig.  11 ). The vegetation type was also indicated for these areas (according to the general humidity requirements by Kucharski and Michalska-Hejduk 2003) , which periodically could indicate humidity deficiencies in various intervals (Table 5A) .
Due to the strict relationship between the humidity of the aeration zone with the groundwater levels (Somorowska 2006), capillary rise (from which plant intake may also take place) was assumed at 0.5 m; this height depends on the lithology of the aeration zone. Table 3 . Average annual groundwater recharge and for vegetation period in the piezometers in the marsh hydrozones (WTF method) stricted to areas, in which characteristic levels occur at least 0.5 m below the average depth of the root zone (Table 5B) . Using spatial characteristics, the depth of the root zones was compared with SNG levels dominating in the vegetation period. Areas, in which groundwater depth is at least 0.5 m below the average depth of the root zone at SNG levels, cover a total of about 39 km 2 , that is 16% of the surface of the marsh areas (Text- fig. 11 ). At SNG levels, the most threatened plant communities are particularly valuable wet communities, including rare peatlands, occurring on a surface of 14.83 km Analysis of retention fluctuations has indicated frequent occurrence of lower levels than SNG in the vegetation period, which lasted averagely about 4-5 weeks each year, and maximally had a duration of 13 weeks in 2003, when the lowest level also occurred (NNG). The lowest annual levels occurred at the end of the vegetation period, depending on the initial retention level before the vegetation period and the effectiveness of recharge in this interval. The beginning of the vegetation period was marked by levels close to annual maxima, resulting from the presence of meltwater recharge, after which gradual decrease of retention at about 0.04 m/2 weeks was observed, which sporadically is stopped (temporally, for several weeks) or reversed. Frequent decreases of retention below SNG levels occurred particularly in the second part of the vegetation period (from August).
The value of infiltration recharge was determined using the WTF method, and its results were compared with the results of the hydrodynamic model. WTF results also indicate that for the vegetation period, similarly as in the annual balance, evaporation from a shallow water table caused the so-called negative recharge for most GDE areas, which means that evaporation losses exceed effective infiltration recharge. An average value is -39 mm/year for the northern marsh hydrozone and -49 mm/year for the southern marsh hydrozone. High evaporation from the groundwater table surface, as one of the elements of general evapotranspiration, is thus an important factor, restricting the availability of groundwater resources for plants and causing retention decrease in the vegetation period.
Types of plant communities occurring in the GDEs were also analyzed. At an average hydrodynamic level (SSG), on about 10% of the GDE surface, the water table is located below the average depth of the root zone, taking into account capillary rise depending on the lithology of the aeration zone. For average low levels (SNG), often reached in the vegetation period, these areas will cover about 39% of the surface. They will include mainly plant communities with wetland (i.e. peatland) vegetation, threatened by deficiencies of humidity from the groundwater table and zone of capillary rise.
A geostatistical tool was used to determine the regime of GDE areas, mainly to determine the spatial distribution of particular characteristic hydrodynamic levels. The usefulness of these tools was verified with regard to average levels (SSG) or infiltration recharge by comparison of the obtained results with the results of hydrodynamic modelling. Therefore, these tools may serve to recognize the elements of water balance of a hydrogeological unit with well-defined boundaries. Table 5 . Area in the marsh hydrozones during SSG, SNG and NNG levels: A -lower than root zone depth; B -lower than 0.5 m from root zone depth
